An Imaging Fourier Transform Spectrometer (IFTS), named FTS-2, is being developed by the University of Lethbridge for use with the SCUBA-2 sub-millimeter bolometric camera on the James Clerk Maxwell Telescope (JCMT). The FTS-2 optical model was developed and optimized in Zemax by the Institut National d'Optique (INO) to maximize the FOV and efficiency over a range of spectral resolutions. The IFTS has been designed as a folded system including corner cubes in the interferometer moving mirror, and extended polynomial surfaces in the interferometer folding mirrors. The instrument design for FTS-2 is described elsewhere; here we present an analysis of the modeled performance of the IFTS in terms of achievable Field Of View (FOV), spot pattern and vignetting, at Zero Path Difference (ZPD) and for the 2 resolution modes. The predicted imaging performance is compared to that of the SCUBA-2 camera alone.
INTRODUCTION
The Submillimetre Common User Bolometer Array instrument (SCUBA) 1 on the James Clerk Maxwell Telescope (JCMT) has made significant contributions to wide range of astronomical problems from the study of galaxy formation and evolution in the early Universe to star and planet formation in our own Galaxy. These pioneering accomplishments provided the impetus for the development of SCUBA-2, a revolutionary new large format submillimeter camera 2 , which has recently been delivered to the JCMT. SCUBA-2 features two dc-coupled, monolithic TES filled arrays operating at 450 and 850 μm with a total of ~10,000 bolometers, unlike previous detectors which have used much smaller arrays of discrete bolometers. With its larger format and increased sensitivity, SCUBA-2 promises a factor of 1000 increase in mapping speed compared to its predecessor. Two ancillary instruments, a polarimeter and imaging spectrometer, are also being developed to further extend the capabilities of SCUBA-2. A Fourier Transform Spectrometer (FTS) was selected as the optimal intermediate resolution spectrometer for SCUBA-2. The instrument, named FTS-2, will be primarily a galactic spectrometer (e.g. spectral index mapping of molecular clouds), but will also provide useful information on bright nearby galaxies and planetary atmospheres. FTS-2 thus fills a niche between the dual band SCUBA-2 continuum images and the higher spectral resolution, but smaller images produced by the JCMT heterodyne facility instrument HARP-B. In this paper we present details of the optical design of FTS-2; the instrument design and observing issues are presented elsewhere. 3 Since the layout of the JCMT -SCUBA-2 feed optics was well advanced prior to the decision to include a spectrometer, the mechanical, optical, and software design of FTS-2 was significantly more challenging. The only practical location to mount an FTS is at the exit of the JCMT telescope elevation bearing, midway through the SCUBA-2 feed optics, as shown in Fig. 1 . The FTS-2 optics were initially modeled in Zemax by the University of Lethbridge as a folded system of paraxial mirrors 4 ; the design was subsequently optimized by INO. Each mirror surface shape and position was optimized based on a set of criteria provided by the University of Lethbridge, namely a minimum clearance to leave space for the telescope beam when FTS-2 is not in use, the available volume, and the location of the base plate below the telescope beam optical axis. For compatibility with normal photometric data collected with SCUBA-2, it is necessary to minimize the impact of the interferometer on the image spot size, magnification and FOV, for all resolution modes. Within the interferometer, the beams at the corner cubes must be collimated, there must be pupils located at the corner cubes for symmetry, and the beam waist near the beam splitters must be minimized to reduce the beamsplitter diameters. Design goals included maximizing the useable FOV, and providing spectral resolution from 0.1 to 0.006 cm -1 . 
IFTS

METHODOLOGY
Starting from the original IFTS design, the paraxial mirrors were replaced by real mirrors (extended polynomials) and the rooftop mirrors were replaced by hollow corner cubes. Corner cubes placed back-to-back with nearly coinciding apices eliminate any tilt and shear introduced by the translation stage, but more importantly, also provide proper parity of the reflections in the vertically folded design. An analysis of the performances of the IFTS was performed, and the results are presented below. We detail the performances in terms of achievable FOV, spot pattern and vignetting, at ZPD and for the 2 resolution modes of 0.1 and 0.006 cm -1 (3 GHz and 180 MHz) corresponding to displacements of the translation stage of ±15 mm and ±200 mm, respectively. We compare the performance of the camera alone with that of the camera coupled to the spectrometer. A view of FTS-2 on its planned mounting location is shown in Fig. 2 .
It is important that all optical and mechanical components are located so as to not interfere with the SCUBA-2 beam when the interferometer is not in use. A key feature is a translation mechanism which allows the four pick-off mirrors to slide horizontally into and out of the beam, so that when extracted there is sufficient space between the pick-off mirrors and the upper folding mirrors to allow the telescope beam through during normal photometric observations. The beamsplitters (BS1 and BS2) are mounted on the mechanically damped base plate; additional clearance was provided to accommodate the beam splitter mounting rings (which add ~10 mm to the clear aperture radius) and allow ~40 mm clearance between the telescope beam and the second beam splitter (see Fig. 3 ). The design also meets the requirement of available volume, limited by the base plate that is positioned 772 mm below the telescope optical axis, and by the backing structure of the primary mirror which passes close to the spectrometer framework when the dish points to the horizon. There could obviously also be no mechanical interference between folding mirrors FM2_1 and FM2_2, between FM1_3 and FM1_4, between the different mirrors constituting the hollow corner cube in each arm of the interferometer or between the input and output pick-off mirrors. Sufficient space was provided under the corner cube mirrors to allow for the translation stage, and to prevent mechanical interference between the lower folding mirrors and the base plate. 
RESULTS
Optimizing the FOV and spectral resolution within the constraints imposed by the fixed space envelope was a significant challenge. In the sections below we present the results of the optimization and discuss the impact of the design in terms of the effect on the FOV, spot patterns, vignetting, beam footprints as a function of increasing optical retardation within the interferometer (i.e. spectral resolution) and final prescriptions for the mirror surfaces.
Field Of View
SCUBA-2 has a nominal 8'x8' FOV. At the detector image plane, 1' corresponds to 11.84 mm. The pixels themselves are 1.055 mm in diameter and are spaced on a 1.135 mm grid. It is not possible to pass the entire FOV through the interferometer due to the size of the beam at the IFTS mounting location; the maximum achievable FOV for each port of FTS-2 is ~9 arcmin 2 , roughly corresponding to one quadrant of the SCUBA-2 FOV. The layout of the FTS-2 output ports on the SCUBA-2 focal plane is shown in Fig. 5 . (A discussion of how the two input ports are used to provide atmospheric cancellation is presented elsewhere.
3 ) In addition to the reduced FOV, FTS-2 also introduces flips in the image coordinates relative to the normal SCUBA-2 image, due to the parity of reflections within the IFTS. The image coordinate transform between the case with the camera alone and the case with the addition of the FTS is shown in Fig.  5 , Table 1 and Table 2 .
With the spectrometer in use, the image is distorted and very slightly rotated relative to the normal SCUBA-2 image, due to the horizontal tilt of the FM2_2 folding mirror along its Y axis. This tilt was introduced to position the output pick-off mirrors as close as possible to the input pick-off mirrors, in order to limit the vignetting and reduce the instrument's volume.
Spot Patterns
At ZPD, the rays from each arm of the IFTS are perfectly superimposed for all field points in the FOV. As the interferometer optical path varies, however, the field points for the two ports diverge. The spot size and position on the image plane for each field was calculated, and the superposition of the two images coming from the two arms of the interferometer was analyzed over a range of interferometer optical path difference. With increasing path difference, the spots coming from the two arms of the interferometer for a particular field change shape and increase in size, and also shift slightly away from each other and away from their ideal ZPD position. This effect grows larger with off-axis distance; there is no interference modulation at the port periphery for travel distances greater than ~75 mm, since the image shift is larger than the pixel size, as can be seen in Fig. 6 . The vignetting at the FOV periphery also increases with increasing travel distance, as a consequence of the limited size of the powered mirrors within the interferometer. The variation of spot size, spot position and vignetting for each field and for various travel distances is analyzed in more detail in the following sections. The presence of the IFTS in the beam reverses the image relative to the Y axis centered on the port center.
The two port images are identical but mirrored along the Y axis centered on the telescope optical axis. Spot size across the FTS-2 FOV increases with travel distance, but stays under diffraction limit for travel between +200 mm and -100 mm as shown in Table 3 . The cases where the spot size is greater than the SCUBA-2 Airy radius are indicated in gray. 
Beam footprints
Footprints for the beams within the IFTS were computed at each surface. Figures 7 and 8 show the footprints, including vignetting effects. The footprints at surfaces after FM1_3 vary with the corner cube travel distance. The beam footprint on the corner cubes for travel distances between -200 mm and +200 mm is shown in Fig. 9 . The pupil is located roughly at the corner cube apex at ZPD, and is stationary relative to the input beamsplitter. Beam footprints for the surfaces after the corner cubes are shown in Fig. 10 .
Output Mirror 200 mm travel, Port #1
Output Mirror -200 mm travel, Port #2 
Vignetting
Spill-over and vignetting effects at the various surfaces in the FTS, camera and telescope were studied in detail. The spill-over occurs mainly at the camera cold stop and at the output pick-off mirrors, at ±200 mm travel, as shown in Fig.  11 and Fig. 12 . While there is no other spill-over in the IFTS except at the output pick-off mirror at 200 mm travel (as shown in Fig. 12) , there is spill-over at other surfaces after the IFTS, namely N1, N2, the cryostat window, and N5, as shown in Fig. 13 . Vignetting as a result of spill-over at surfaces between the bearing output and the detector plane increases with travel distance. For each field, the proportion of rays getting through each arm of the interferometer was compared, and the maximum achievable contrast for various travel distances was computed. Shift between the two spots from the two arms of the interferometer was not considered when calculating this maximum achievable contrast. To compute the real image contrast obtained at each point of the image, the shift between the two spots coming from the two arms of the interferometer must be known. If the shift is greater than the Airy radius, there will be no interference between the two spots. Therefore, the shift between the two spots coming from the two arms of the interferometer for each field was computed. Cases for which the shift is greater than the SCUBA-2 Airy radius are shown in gray in Table 4 . 
Mirror surface prescriptions
The mirror surface prescriptions are detailed in the Table 5 and 6 below. The size of each mirror was optimized considering the vignetted beam footprint. -7.86e-6 5.161e-6 6.626e-6 1.945e-6 A 4 * 3.224e-6 1.407e-6 -2.320e-7 -9.790e-6 A 5 3.605e-6 -1.780e-6 8.613e-7 4.362e-6 A 6 * 3.080e-8 6.144e-8 -4.080e-9 -6.530e-8 A 7 -4.750e-8 3.706e-8 4.178e-8 -1.960e-7 A 8 * 3.608e-8 -2.470e-8 -4.990e-9 -2.220e-8 A 9 -4.480e-8 9.553e-9 1.434e-8 -2.490e-8 * The sign is reversed for the equivalent mirror on the other side of the IFTS.
CONCLUSION
Designing a spectrometer for use with SCUBA-2 has proven to be a challenging problem. A Fourier spectrometer was selected because of its high throughput, intermediate resolution, broad spectral coverage and inherent wavelength calibration. The optical design problem for FTS-2 was essentially to reproduce the original image and pupil at the outputs of the interferometer, while maintaining unity magnification, in order to allow the instrument to be placed midway through the existing SCUBA-2 feed optics. The optical design was complicated by the limited available space, the curved image surface at the input, and the ~f/7 input beam. It was impossible to achieve diffraction limited imaging at high spectral resolution over the entire SCUBA-2 field of view. The final design represents the best trade-off between FOV and spectral resolution, considering the constraints imposed by the fixed space envelope. We believe the resulting instrument will achieve optimal performance considering all the design constraints.
